A high strength steel with an austenite-martensite duplex microstructure has been produced by extruding nickel coated steel powder. The austenite is stable and is present as a continuous network surrounding a high strength martensite. The dual-phase steel exhibits superior resistance to stress corrosion cracking in 3.5 pct NaC1 solution, compared with steels of similar strength having conventional microstructures. Also, the effectiveness of the austenite in improving stress corrosion cracking resistance increases as the yield strength increases. The austenite, because of its inherent toughness, reduces the effective stress intensity at the advancing crack tip, and at the same time shields the crack tip from the corrosive environment.
I. INTRODUCTION
IN many engineering applications the use of ultra high strength steels is limited by their high susceptibility to stress corrosion cracking in aqueous environments, this being reflected in very low values of the threshold stress intensity factor, KrH. In recent years, considerable progress has been made in increasing the air fracture toughness, Ktc, by a combination of improved steel making techniques and compositional modifications. Unfortunately, these improvements in fracture toughness have not been reflected in a corresponding improvement in KTH. The basic problem is that the martensitic microstructure that is essential for high strength is inherently susceptible to embrittlement by hydrogen which arises from the corrosive action of the environment. One of the potential solutions to this problem is to develop steels having dual-phase microstructures in which the separate constituents are responsible for the different property requirements. A tempered martensite phase must remain as the source of strength. However, an obvious choice of constituent for conferring fracture resistance is austenite. Being a low strength material with a high work hardening capacity, austenite is inherently tough. More importantly, hydrogen has a high solubility in austenite, but does not give rise to significant embrittlement. Consequently, an appropriate dispersion of austenite has the potential to act as both a mechanical crack arrestor and a trap for hydrogen.
Previous investigations of the effect of austenite on fracture resistance have been concerned mainly with the air fracture toughness. For example, investigations of ferriteaustenite mici'o-duplex structures in stainless steels demonstrated a beneficial influence of austenite. L2 Similarly, in a high strength martensitic steel, a direct correlation was established between Kzc and the volume fraction of austenite. 3 The latter study included measurements of resistance to stress corrosion cracking, and it is interesting to note that the KrH in NaCI solution also increased with austenite content. Both Kzc and Krn were observed to decrease as tempering temperature increased, this being attributed to the decomposition of the metastable austenite. A1- Kzc in the as-quenched and lightly tempered condition. 5
Such treatments not only result in more complete dissolution of alloy carbides, but also lead to the formation of films of retained austenite at the martensite lath boundaries. The improvement in fracture toughness may not be attributed solely to the beneficial effect of the retained austenite. However, on tempering at higher temperatures there is a drop in toughness which is associated with the decomposition of retained austenite to form interlath carbide films. 6
The latter illustrates one of the fundamental problems associated with traditional attempts to produce a dispersion of austenite in a martensite matrix. The austenite is not stable and tends to decompose during tempering, subzero treatment, or during service. The dimensional instability and the possibility of embrittlement associated with the austenite transformation outweigh the advantages to be gained from the modest improvement in toughness. If austenite is to be effective in a dual-phase microstructure, it must be stable. Also, if it is to act as an efficient barrier to the transport of hydrogen, the austenite should ideally be present as a continuous phase surrounding the high strength constituent. Such a microstructure would also be expected to show the maximum resistance to crack propagation.
The microstructure described above cannot be produced by heat treatment of conventional steels. However, in a recent preliminary study, 7 it has been shown that the desired microstructure can be produced by distributing austenite stabilizing substitutional elements in a continuous network throughout the steel. The latter was achieved by coating high strength steel powder with a layer of nickel followed by hot extrusion to produce a fully dense product. Controlled diffusion of the nickel into the steel substrate during preheating prior to extrusion resulted in the formation of a thin film of high nickel austenite which remained stable during subsequent cooling. Because nickel has a low diffusivity in the austenite, the width of the austenite layer was narrow and it was little affected by normal heat treatment processes. By this technique it was possible to produce a network of austenite with a bulk concentration of nickel which if distributed uniformly as in a conventional steel, would give no stable austenite at all. Examination of the mechanical properties of the dual-phase structure indicated that it had considerably improved resistance to cleavage fracture as compared to a conventional microstructure having the same strength. More significantly, preliminary stress corrosion tests indicated a substantial improvement in KrH.
The investigation described above was intended to be an exploratory study. The carbon content of the steel was much higher than would be desirable for optimum fracture resistance; no attempt was made to control the cleanliness of the material, and the limited amount of material permitted only a superficial examination of mechanical properties. However, the results did indicate the great potential of dualphase microstructures and prompted the present more extensive investigation.
II. EXPERIMENTAL
The present investigation is concerned with steels having yield strengths in the range 1300 MNm -2 to 1750 MNm -2. To achieve these strength levels a medium carbon low alloy steel has been selected as the starting material. In order to obtain the material in a particulate form necessary for the development of the duplex martensite-austenite microstructure, two approaches are possible: the liquid steel can be atomized to produce a conventional metal powder; alternatively, a 'powder' can be produced from the wrought steel by mechanical means. In the exploratory study 7 atomized powder was employed. Although of more practical relevance, the use of conventional powders does give rise to problems from an experimental standpoint. In the first place, only a very limited range of medium carbon steel powders is available commercially. Secondly, it is difficult to achieve adequate control of the powder size and shape. Thirdly, and perhaps most importantly, the atomized powder particles are coated with a layer of oxide which is difficult to remove effectively. These oxides have a detrimental effect on the final product; in particular, they give rise to pronounced anisotropy in the fracture 'toughness. To avoid these problems, a mechanical route has been followed whereby clean 'powder' of constant size and shape is produced by chopping bright drawn wire into short lengths.
The steel selected was a medium carbon chromiumvanadium steel conforming to AISI 6150 (Table I ). The main reason for choosing this steel is that it is available in wire form because of its use in valve spring applications. The carbon content is appropriate to the strength levels required and the chromium is beneficial because of its effect on hardenability. The presence of vanadium is irrelevant to the present investigation. The steel was received as 2 mm diameter wire. It was then cold drawn with intermediate annealing to produce two batches of wire having diameters of 0.6 mm and 0.2 ram. Each batch of bright drawn wire was then automatically chopped into 1 mm lengths.
The chopped wire particles were chemically cleaned and then electroplated with nickel using a barrel plating technique and a conventional Watts bath. For each wire size, the coating thickness was adjusted so as to produce a nickel volume fraction of nominally 5 pct. A section through a plated particle is shown in Figure 1 , and it is seen that the coating is continuous and uniform. After washing and drying, the plated particles were packed into 75 mm diameter mild steel cans, evacuated, and finally sealed. Prior to being extruded, the cans were heated for three hours at a temperature of 1000 ~ Extrusion was carried out in a 1000 tonne press to give 25 mm by 12.5 mm size rectangular section bar. For comparison with the plated material, similar extrusions were produced from the unplated wire. Also, in order to determine whether the use of wire as a starting material would have any effect on properties, a conventional steel was produced by casting a 75 mm diameter ingot of similar composition to that of the wire (Table I) . This was then extruded under similar conditions to produce the same section as the wire material. The extrusion ratio of 14 resulted in complete consolidation of the powder, the unplated material being indistinguishable from the extruded cast steel. The microstructure of the plated wire material is illustrated in Figures 2(a) and (b). The transverse section shows that the nickel has diffused into the steel giving rise to a dual-phase microstructure consisting of a continuous uniform layer of austenite surrounding a medium carbon martensite. The longitudinal section shows that during the extrusion the wire particles have been drawn out to produce fibers of martensite, each of which is completely surrounded by austenite.
Heat treatment of all the extruded material involved austenitization at 870 ~ followed by oil quenching. Because of the effect of nickel in depressing the martensite Fig. 1 --Transverse section of a plated wire particle. Wire diameter 0.6 mm.
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